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Abstract 
Treating Chinese hamster ovary cells with 1 mM L-histidine markedly increases their susceptibility to killing by H202. The 
mechanism of this effect has not been firmly established, although previous tudies have shown that L-histidine in combination with 
H202, in contrast o H202 alone, generates DNA double-strand breaks (DSBs), albeit following supralethal concentrations of the 
oxidant. Using the highly sensitive pulsed field gel electrophoresis technique, we examined the ability of H202-L-histidine combinations 
to induce DSBs in cells over the same oxidant concentration range that causes cytotoxicity. Thus the correlation between DSB induction 
and cell killing could be investigated directly without the necessity for extrapolating effects across different concentration ranges. We 
used a number of treatment protocols that allowed the compartmentation of L-histidine inside or outside the ceils, or both. Increased 
cytotoxicity was invariably associated with the appearance of DSBs, and both parameters were dependent on the intracellular f action of 
the amino acid. A linear elationship was found between cytotoxicity and DSB formation when the cells were either treated with H202 (at 
> 20 /xM) and L-histidine concurrently or were exposed to the oxidant following pre-loading with L-histidine. On the other hand, no 
DSBs were detected in cells treated with: (a) H202 alone; (b) L-histidine plus H202 at < 20/zM; or (c) H202 in association with both 
L-histidine and excess (20 mM) L-glutamine (which prevents L-histidine uptake). Thus, separate mechanisms appear to underlie the 
cytotoxic response in cells treated with H202 in the absence and presence of L-bistidine, with the latter process being associated with the 
induction of DSBs and having a threshold at ~ 20 /~M H202. The linear correlation between DSBs and cell killing observed in cells 
treated with H202-L-histidine at H20 2 concentrations > 20 /zM was similar to (but not superimposable on) the correlation curve 
established for y-irradiated cells; DSBs produced by y-rays were associated with more cell killing than those generated by the 
H 202-L-histidine combination. 
1. Introduction 
It has been observed that treating mammalian cells with 
non-cytotoxic oncentrations of L-histidine increases their 
susceptibility to the cytotoxic effects of H202 [1,2]. The 
mechanism of this effect is unclear, although various pos- 
sibilities have been proposed [2-5]. Recently, we reported 
that L-histidine in combination with H202 induced DNA 
double-strand breaks (DSBs) in Chinese hamster ovary 
(CHO) cells as assayed by neutral elution, whereas no 
DSBs were observed following H202 alone [2]. Further- 
more, L-glutamine, which competitively inhibits L-histidine 
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uptake, abolished the L-histidine-mediated increase in sus- 
ceptibility to H202-induced cytotoxicity and prevented 
DSB formation [6]. The yield of DNA single-strand breaks 
(SSBs) ,  on the other hand, was not always increased 
concomitantly with cell killing [2]. 
Thus, there is circumstantial evidence that DSBs are 
important for the increased cytotoxicity of H202 towards 
L-histidine-treated cells. However, in these earlier studies 
[2], the relatively low resolution of the neutral elution 
assay required much higher concentrations of H202 to 
induce measurable DSBs compared with those used in the 
cytotoxicity assays. Correlations, therefore, were necessar- 
ily based on the potentially erroneous assumption that the 
same underlying events measured at high H202 concentra- 
tions also occur at lower oxidant levels. Using pulsed-field 
gel electrophoresis (PFGE), which has become established 
as an independent (and perhaps uperior) method for mea- 
suring DSBs [7], it is now possible to measure L-histidine- 
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mediated effects on DSB induction and cell killing over 
exactly the same range of HzO 2 concentrations. In the 
present study we therefore xtended our previous findings 
by comparing the ability of H20 2 alone and of HeO2-L- 
histidine in combination to induce DSBs in CHO cells at 
biologically-relevant oxidant concentrations using PFGE. 
DSBs and cytotoxicity were assayed after treatment with 
the oxidant alone or with L-histidine present either: (a) 
mainly in the intracellular compartment (by challenging 
the cells following a 20-min pre-exposure to L-histidine); 
(b) mainly in the extracellular compartment (by exposing 
cells to the oxidant, L-histidine and an excess of L-gluta- 
mine); or (c) in both the intra-and extracellular compart- 
ments (by concomitant exposure to the oxidant and L- 
histidine). The data are compared with similar data ob- 
tained with y-rays and fast neutrons, agents for which 
cytotoxicity is generally regarded as deriving from DNA 
damage, and in particular from unrepaired or mis-repaired 
DSBs [8,9]. 
2. Materials and methods 
2.1. Cell culture 
CHO (strain AA8) cells were grown in monolayer 
culture in McCoy's 5A medium (GIBCO, Grand Island, 
NY) supplemented with 10% fetal bovine serum (FBS; 
Irvine Scientific, Santa Ana, CA), penicillin (50 units 
ml- l ) ,  and streptomycin (50 /zg m1-1) at 37°C in T-75 
tissue culture flasks (Coming Glass Works, Coming, NY) 
gassed with an atmosphere of 95% air-5% CO 2. 
2.2. H202, r-histidine, L-glutamine, y-ray and neutron 
treatments 
Stock solutions of H~:O2, L-histidine and L-glutamine 
were freshly prepared in Puck's saline A (PSA). All 
treatments with these agents were performed at 37°C in 
PSA to minimize the effects of competing amino acids. A 
single concentration of L-histidine (1 mM) was used in all 
experiments because it produces a maximal increase in 
H202-mediated cell killing while having no cytotoxic ef- 
fect by itself [2]. Two different reatment protocols were 
employed. In the first protocol, 1 mM L-histidine (with or 
without 20 mM L-glutamine) plus various concentrations 
of H202 were combined and the cells were co-incubated 
with the two agents for 30 min. In the second protocol, the 
cells were first treated x~ith 1 mM L-histidine for 20 min 
and then treated with H20:  for 30 min. The cells were 
washed with pre-warmed PSA at each change of solution. 
These solution exchanges were performed very gently to 
minimize detachment of cells from the culture dish. 
Because the cytotoxicity of H202 toward CHO cells 
depends on cell density [10], a constant cell density was 
used at the H202 treatment stage. This was achieved by 
pre-plating 2.5 • 105 cells into 60-mm tissue culture dishes 
and incubating them for 14 h at 37°C, during which time 
their number increased to between 4 and 5-105. The 
treatment volume was also kept constant at 2 ml. 
For the irradiations, cells were exposed either to 137Cs 
y-rays at a dose rate of 4 Gy min-l  or to 42-MeV fast 
neutrons at a dose rate of 0.3 Gy min -1 . Unless otherwise 
stated, irradiations were performed at 37°C. 
After treatment, he cells were washed twice with ice- 
cold PSA and harvested by exposure to 4 ml of 1% trypsin 
for 5 min on ice. Trypsin activity was terminated by the 
addition of 2 ml of ice-cold supplemented growth medium 
and the cells were transferred to a test tube. The number of 
cells was determined using a Model ZBI cell counter 
(Coulter, Hialeah, FL). 
2.3. Cytotoxicity assays 
HeO2-and y-ray-mediated cytotoxicity was determined 
by a conventional clonogenic survival assay. After treat- 
ment with H202, appropriate dilutions of cells (selected to 
give ~ 100 clonogenic cells per dish) were plated in 
triplicate into 60-mm tissue culture dishes and incubated at 
37°C for 8 days. The resulting colonies were stained with 
5% gentian violet-ethanol and counted visually. Surviving 
cells were defined as those that produced colonies of 50 
cells or greater. The percent survival was calculated as the 
ratio of the plating efficiencies of treated and untreated 
control cells × 100%. L-histidine (1 mM) and L-glutamine 
(20 mM) alone displayed no cytotoxicity towards CHO- 
AA8 cells. 
The effect of L-histidine on the cytotoxicity of y-rays 
and 42-MeV fast neutrons was determined using a growth 
inhibition assay. Following trypsinization, cells were 
seeded in growth medium at a density of 1-2-  104 cells 
per 60-mm tissue culture dish, and their number was 
determined after 72 h of growth under optimal conditions 
(37°C; 95% air-5% CO 2 atmosphere). The preference for 
growth inhibition over clonogenic survival for these stud- 
ies was based on the superiority of the former assay for 
rapid screening, coupled with the fact that the two ap- 
proaches gave essentially identical information for H202- 
L-histidine combinations (Ref. [2] versus this paper). 
2.4. Measurement of  DSBs by PFGE 
PFGE was performed essentially as described elsewhere 
[11]. To prepare agarose plugs, cells that had been pre- 
labeled with [methyllaC]thymidine [2] were sedimented at 
200 × g for 5 min in a refrigerated centrifuge, and the 
pellet was resuspended in ice-cold phosphate-buffered 
saline (PBS). This procedure was repeated three times, and 
the final suspension in PBS was adjusted to ~ 3.6 × 10 6 
cells ml-  1. 300 ~1 of this suspension was mixed with 300 
/xl of a 1% agarose-PBS solution (InCert; FMC, Rockland, 
ME) maintained at 41°C. The cell-agarose mixture was 
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vortexed, transferred to a gel plug mould on ice, and 
refrigerated for 15 min. The plugs were incubated in 1 ml 
of ESP (0.5 M EDTA, 1% sarkosyl, 1 mg ml- ~ proteinase 
K; pH 9) for 1-2 h at 4°C then at 41°C for 20 h. They 
were then washed five times for 1 h in sterile 0.5 × TE 
buffer (10 mM Tris-HC1, 1 mM Na 2 EDTA; pH 7.5) and 
stored at 4°C in 0.5 M EDTA (pH 8). 
The DNA in the plugs was separated by PFGE in a 
0.5% agarose gel (Ultrapure; GIBCO BRL, Gaithersburg, 
MD) in 0.5 X TAE buffer (40 mM Tris base, 20 mM 
sodium acetate, 1 mM Na 2 EDTA, pH 7.2). The gel was 
run for 16 h on a CHEF-DR II (Bio-Rad, Richmond, CA) 
operating at 40 V (1.21 V cm l) with a switch time of 75 
rain. The buffer (0.5 × TAE) was maintained at 25°C. The 
gel was stained with ethidium bromide and viewed under a 
UV transilluminator and photographed. The gel was then 
de-stained and vacuum-dried, and the distribution of ra- 
dioactivity between the plug and lane was determined 
using a Phosphorimager (Molecular Dynamics, Sunnyvale, 
CA). From the scanned image, two rectangular reas were 
defined for the lane containing the most highly damaged 
sample; the first rectangle corresponded to the plug region, 
and the second to the region of DNA migration into the 
gel. These rectangles were then copied over the corre- 
sponding regions of each lane and over a neutral region of 
the gel (for the background signal). The integrated 14C 
activity within each rectangle was then determined and 
corrected for the background signal. From these data, the 
percentage of the total DNA that migrated into the gel in 
each lane after electrophoresis was calculated [11]. 
3. Results 
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Fig. 1. Effect of L-histidine on the survival of CHO cells treated with 
H202. Cells were treated for 30 min with various concentrations of
H202 in the absence (O) or presence of 1 mM L-histidine (0 )  or 1 mM 
L-histidine and 20 mM L-glutamine (• ) .  Data obtained from cells that 
were treated for 20 min with 1 mM L-histidine prior to treatment for 30 
min with various concentrations of H202 ([::3) are also shown. Bars: 
standard error of the mean of 3 or 4 separate xperiments, each performed 
in triplicate. 
comitant reatment with the oxidant and the amino acid 
(Fig. 1 and Table 1). 
3.2. Effect of L-histidine on H202-mediated DSB induction 
In the PFGE assay, 94.1 ___ 1.1% of the DNA from 
untreated CHO cells remained in the plug after elec- 
trophoresis. For cells treated with 1 mM L-histidine for 30 
min, 94.6 ___ 1.4% of the DNA remained in the plug after 
electrophoresis. Thus, L-histidine by itself induced no de- 
tectable DSBs under these conditions. 
The results obtained with PFGE when CHO cells were 
treated with H202 under identical conditions to those used 
The clonogenic survival curves for cells treated with 1 
mM L-histidine plus H202 or with H202 alone are shown 
in Fig. 1. As we reported previously using a growth 
inhibition assay [2], co-incubation with L-histidine 
markedly increased the cytotoxicity of the oxidant. This 
effect was greater at higher H202 concentrations (Table 
1); indeed, this increased cytotoxicity was only statistically 
significant (P  < 0.05) at H202 concentrations greater than 
20 /zM. The addition of 20 mM L-glutamine completely 
abolished the ability of 1 mM L-histidine to increase 
H 202-mediated cytotoxicity (Fig. 1). Sequential treatments 
with L-histidine and H202 also resulted in an increased 
susceptibility of the cells to killing by H202; a 20-min 
pretreatment with 1 mM L-histidine markedly increased the 
cytotoxic response licited by the oxidant, but again only 
at H202 concentrations above 20 /zM (Fig. 1). In fact, the 
magnitude of the increased cytotoxicity caused by this 
pre-treatment was similar to that observed following con- 
Table 1 
Relative increase in H202-mediated cell killing in the presence of 1 mM 
L-histidine 
Protocol Percent Relative increase a 











Ratio of H202 concentrations required to produce given level of cell 
killing in the absence and presence of L-histidine. 
Co-incubation with L-histidine and H202 at 37°C. 
c Pretreatment with L-histidine at 37°C, followed by H202 at 37°C. 
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in the cytotoxicity studies are shown in Fig. 2. When cells 
were treated with H202 alone, essentially no DNA mi- 
grated from the plugs over the entire concentration range 
where cell killing was measured, i.e., _< 100/xM; thus, no 
DSBs were induced by H202 under these conditions. 
Similarly, when cells were co-incubated with 1 mM L- 
histidine and H202 at concentrations below 20 /zM, i.e., 
where L-histidine did not significantly increase the suscep- 
tibility of the cells to killing by H202,  no DSBs were 
detected by PFGE. In contrast, when cells were co-in- 
cubated with L-histidine and H202 concentrations in the 
range of 20-100 tzM, i.e., where a significant increase in 
H2OE-mediated cell killing in the presence of L-histidine 
was observed, progressiw;ly more DNA migrated out of 
the plug as the H202 concentration was increased, indicat- 
ing that significant levels of DSBs were induced under 
these conditions. The dose-response curves for cells that 
were either (a) co-incubated with L-histidine and H202 or 
(b) treated with the amino acid prior to challenge with the 
oxidant were superimposable; thus, both pre-and co-in- 
cubations with L-histidine plus 20-100/zM H202 resulted 
in a significant level of DSB induction that was not 
apparent in cells treated with the oxidant alone. In agree- 
ment with the cell surviwal data, the addition of 20 mM 
L-glutamine abolished the ability of L-histidine to promote 
the DSB-inducing efficiency of H202 in the co-incubation 
protocol (Fig. 2). 
3.3. Correlation between the formation of DSBs and cyto- 
toxicity 
In Fig. 3, the survival of CHO cells treated with increas- 
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Fig. 2. Effect of L-histidine on tile yield of H202-induced DSBs in CHO 
cells as measured by PFGE. Cells were treated under the same experi- 
mental conditions described in the legend to Fig. 1 and then analyzed for 
DSBs as detailed in Section 2. Symbols are as in Fig. 1. 
mental conditions has been plotted irectly versus the level 
of induced DSBs (expressed as the percentage of DNA 
migrating out of the plug). Over the entire concentration 
range producing the first two logs of cell killing, H202 by 
itself did not produce detectable DSBs (Fig. 2) and there- 
fore the plot correlating these two end-points paralleled the 
ordinate axis. Similarly, when cells were treated with low 
concentrations (< 20 /xM) of H202 either concomitantly 
with L-histidine or following pre-treatment with L-histi- 
dine, the plot overlapped that for H202 alone, being 
parallel to the ordinate axis; this corresponds to the region 
where (l) no DSBs were produced (Fig. 2) even though 
cell survival was reduced to ~ 60% (Fig. 1), and (2) 
L-histidine did not increase the susceptibility of the cells to 
killing by H202 (Fig. 1). In contrast, at H202 concentra- 
tions above ~ 20 /,M, which corresponds to the concen- 
tration range where DSBs were actually detected (Fig. 2), 
the correlation plot assumed a finite slope, indicating a 
progressive and linear relationship between DSBs and cell 
killing. Thus the correlation plot for L-histidine-H202 in 
combination exhibited two distinct phases, the first of 
which corresponds to the killing of ~ 40% of the cells and 
does not involve DSBs, and the second of which corre- 
sponds to the killing of the remaining ~ 60% of the cells 
and is associated with DSBs. Fig. 3 also shows that the 
inclusion of L-glutamine in the H202-L-histidine co-in- 
cubation protocol generated a correlation plot that over- 
lapped that obtained with H202 alone, again reflecting the 
fact that this protocol resulted in no detectable induction of 
DSBs (Fig. 2) while reducing cell survival to < 5% (Fig. 
1). 
A similar correlation plot was created for CHO cells 
exposed on ice to T-radiation. In this case, exposing the 
cells to the same range of T-ray doses used to construct the 
clonogenic survival curve produced a progressive increase 
in the formation of DSBs; this resulted in a linear correla- 
tion plot over the entire radiation dose range studied (Fig. 
3A). 
Fig. 3B shows the data for cells treated with H202 with 
and without 1 mM L-histidine re-plotted to show the 
'excess' cell killing observed in the presence of L-histidine 
as a function of the 'excess' percentage of DNA migrating 
into the gel (i.e., of the level of DSBs detected in the cells 
in the presence of L-histidine). It is apparent hat the 
additional component of cytotoxicity observed in L-histi- 
dine-treated cells is closely related to the level of DSBs 
induced in the cells. 
3.4. Rejoining of DSBs induced by L-histidine-H202 in 
combination 
The kinetics of the rejoining of those DSBs induced by 
H202-L-histidine are shown in Fig. 4. Cells were co-in- 
cubated with 100/xM H202 and 1 mM L-histidine at 37°C 
for 30 min, washed twice with warm (37°C) PSA and 
incubated at 37°C for various times to allow repair. The 
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rate of DSB rejoining increased uring the first 60 min, 
after which point the remaining 60% or so of the lesions 
were rejoined exponentially with t]/2 of about 20 min. 
This effect is seen in a linear plot of the same data (Fig. 4; 
inset) as an initial lag period followed by a typical expo- 
nential phase of DSB rejoining. 
shown). Furthermore, pre-treatment with L-histidine had no 
effect on the level of DSBs induced by 6 Gy of y-rays 
(data not shown). 
4. Discussion 
3.5. Effect of  L-histidine on y-ray and neutron cytotoxicity 
The survival curves for CHO cells that were treated 
with 1 mM L-histidine at 37°C for 20 min and then 
exposed to various doses of either 137Cs y-rays or 42-MeV 
fast neutrons are shown in Fig. 5. Pre-treatment with 
L-histidine had no significant effect on the cytotoxicity of 
these agents. A similar lack of effect was observed when 
the L-histidine treatment was started 20 rain prior to irradi- 
ation and continued for 20 min after irradiation (data not 
In the present study we used the sensitive PFGE tech- 
nique to directly examine the relationship between DSB 
induction and the L-histidine-mediated increase in H202- 
induced cell killing observed after biologically relevant 
concentrations of H202. Whereas H202 alone (even up to 
200 /xM) induced no detectable DSBs in CHO cells, 
co-incubating cells at 37°C with 1 mM L-histidine and 
H202 did result in the generation of DSBs (Fig. 2) over 
the same range of concentrations that increased cell killing 
was observed (Fig. 1). The parallel between increased 
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Fig. 3. (A) Relationship between clonogenic ell survival and the level of induced DSBs for various treatment protocols. CHO cells were treated with 
either: (O) increasing concentrations of H202 alone (10-150 brM; 30 min); (0 )  H202 (10-75 /xM) plus 1 mM L-histidine (30 min); (• )  H202 (10-150 
/zM) plus 1 mM L-histidine plus 20 mM L-glutamine (30 min); (n )  1 mM L-histidine for 20 min then H202 (10-75 /xM) for 30 rain; or (A) increasing 
doses of 137Cs 'y-rays (1-8 Gy). Each point represents results obtained at different H202 concentrations or y-ray doses. (B) Data for cells treated with 
H202 with and without 1 mM L-histidine, re-plotted to show the 'excess' cell killing observed in the presence of L-histidine versus the level of DSBs 
detected in the L-histidine-treated cells. 
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Fig. 4. Rejoining of DSBs by CliO cells following co-incubation with 
100 /xM H202 and 1 mM L-histidine at 37°C for 30 min. Following 
treatment, the cells were washed twice with warm (37°C) PSA and 
returned to the 37°C incubator for various times, as indicated. The cells 
were then harvested and assayed for their levels of DSBs by PFGE. Inset; 
the same data replotted in linear format. 
cytotoxicity (Fig. 1) and the generation of DSBs (Fig. 2) 
can be extended to include the observations that: (1) 
L-histidine had no effect on DSB production and did not 

















0 3 6 9 12 
DOSE (Gy) 
Fig. 5. Effect of L-histidine on the survival of CHO cells exposed to 137Cs 
3,-rays or 42-MeV fast neutrons. Cells were treated with growth medium 
either with (solid symbols) or without (open symbols) 1 mM L-histidine 
at 37°C for 20 min and then exposed to various doses of either 3' -rays 
(0 ,0 )  or neutrons (rq,ll). All data were obtained using a growth 
inhibition assay. 
below ~ 20 /zM; (2) H202 also induced DSBs in, and 
was more cytotoxic towards, cells that had been pre-treated 
with L-histidine; and (3) L-glutamine abrogated both the 
increased cell killing and the appearance of DSBs in the 
co-incubation protocol. These results also indicate that 
increased cytotoxicity and concomitant appearance ofDSBs 
occurs only when the amino acid enters the cell (i.e., after 
co-incubation and pre-treatment) and does not occur under 
conditions that do not permit L-histidine uptake (i.e., in the 
presence of excess L-glutamine). Thus, the intracellular 
fraction of L-histidine must be responsible for both effects. 
The present data suggest that the mechanism of cytotox- 
icity of H202 is different in the presence and absence of 
L-histidine. This is best illustrated in Fig. 3, where we 
compared the relative cytotoxicity per induced DSB for 
H202 alone and for L-histidine-HeO 2 combinations; 3,-rays 
were also included in this comparison because their cyto- 
toxicity is widely believed to be mediated by DSBs [8,9]. 
A linear correlation plot relating cytotoxicity and DSB 
formation was indeed obtained for 3,-irradiated cells over 
the range of radiation doses examined, as we reported 
previously [11]. In contrast, H202 by itself did not produce 
detectable DSBs over the concentration range that pro- 
duced two logs of cell killing; the resulting correlation plot 
therefore paralleled the y-axis (Fig. 3). Thus, the cytotoxi- 
city of H202 itself does not appear to be a consequence of
gross DSBs; rather, cells may be killed by other forms of 
DNA damage or by damage to cellular targets other than 
DNA. Of interest here is the report of a different distribu- 
tion of DNA strand breaks in human lymphocytes exposed 
to 3,-rays or H202 at 37°C [12]; whereas "/-rays caused 
random DNA breakage, H202 caused a non-random pat- 
tern consistent with site-specific leavage at transition 
metal binding sites. 
In contrast to H202 alone, when cells were treated with 
> 20 /zM HeO 2 either concomitantly with, or following 
pre-treatment with, L-histidine, DSBs were produced over 
the same concentration range as cell killing. Because of the 
lack of effect of L-histidine on DSB production and cell 
killing at H202 concentrations < 20 /zM, the correlation 
plot obtained with HeO2-L-histidine assumed a biphasic 
form (Fig. 3). Cytotoxicity was a direct function of the 
level of induced DSBs only after H202 concentrations 
greater than ~ 20 /zM, in agreement with the finding that 
the increased cell killing in L-histidine-treated cells is 
greater at higher H202 concentrations [2]. 
The terminal slope of the correlation plot for H202-L- 
histidine (i.e., after > 20 /zM H202) was less steep than 
that for 3,-rays, i.e., those DSBs produced by "/-rays were 
associated with significantly greater cytotoxicity than those 
produced by H202-L-histidine (Fig. 3). If we assume a 
cause-effect relationship between DSBs and cell killing, 
then the most likely explanation for such an effect is that 
the types of DSBs induced by H202-L-histidine and 3,-rays 
are different. Indeed, the direct ionization of DNA will 
contribute to those DSBs produced by 3,-rays, in addition 
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to hydroxyl radicals produced in both the bulk water the 
hydration layer [13], whereas DSBs produced by H202- 
L-histidine must all derive from multi-radical attacks. The 
reported lack of correlation between initial DSB levels and 
cell killing for ionizing radiations of differing linear en- 
ergy transfer (LET) was similarly attributed to differences 
in the complexity of the DSBs induced and their resulting 
reparability [8,14]. Qualitative differences between the 
DSBs induced by these agents would also be expected to 
be manifested in the cells response to these lesions; indeed, 
whereas DSBs generated by y-rays are rejoined with 
biphasic kinetics (e.g., [15]), the rate of rejoining of DSBs 
induced by H202-L-histidine appeared to increase with 
time until a terminal exponential phase with a tl/2 of ~ 20 
min was reached (Fig. 4). Although these data are consis- 
tent with both saturable and inducible repair models, they 
should not be over-interpreted because of the possibility 
that additional breaks are induced even after termination of 
the treatment and removal of the oxidant. 
Although not a primary objective of this study, the 
present data do support he suggestion [16] that the mecha- 
nisms of cytotoxicity of HzO 2 and y-rays are quite differ- 
ent; this is reinforced by the observations that (1) H202 
treatments are significantly more cytotoxic when given at 
37°C than 4°C [16,17], whereas y-ray exposures are not, 
and (2) the cytotoxicity of H20 2 is increased by intra- 
cellular L-histidine (Fig. 1), whereas the effects of both 
y-rays and 42-MeV fast neutrons are insensitive to the 
amino acid (Fig. 5). A corollary of this statement is that 
H202 cannot contribute significantly to the cytotoxicity of 
either y-rays or neutrons under these conditions. Indeed, 
the initial rationale for including neutrons in this compari- 
son related to the fact that the yield of radiation-induced 
H202 increases with increasing LET [18]; thus, we would 
have predicted a greater effect of L-histidine with neutrons 
if H202 was involved in radiation cytotoxicity. 
In summary, under our experimental conditions, H20 2 
on its own did not induce detectable DSBs at cytotoxic 
concentrations, and therefore this lesion is unlikely to 
mediate its cytotoxicity. In contrast, DSBs were efficiently 
induced by H20 2 in L-histidine-enriched cells, but only at 
oxidant concentrations > 20/zM, the same threshold above 
which increased cytotoxicity was observed for the two 
agents in combination. That DSBs were invariably associ- 
ated with increased cytotoxicity suggests (but certainly 
does not prove) a possible cause-effect relationship be- 
tween these end-points. Separate mechanisms therefore 
appear to underlie the cytotoxic response in cells treated 
with H20 2 in the absence and presence of L-histidine, with 
the latter process being associated with the induction of 
DSBs and having a threshold at ~ 20 /zM H202. Cell 
killing by H202 alone may predominantly derive from 
other types of lesions and/or targets. As regards the 
mechanism of this effect, it should be emphasized that the 
mechanism of cytotoxicity of HzO 2 alone, despite exten- 
sive investigation, is still not completely understood. AI- 
though it is widely believed that hydroxyl radicals gener- 
ated via the Fe(II)-mediated Fenton reaction are responsi- 
ble for H2Oz-induced cytotoxicity and DNA strand break- 
age [19,20], the arguments for and against his hypothesis 
are complex; indeed, in a recent review, Goldstein et al. 
[21] concluded that identification of the oxidizing interme- 
diates formed by H202 alone in mammalian cells is almost 
impossible. Thus it may be premature to speculate on what 
happens inside intact cells; L-histidine is, however, a good 
chelator of iron, and it may be that it somehow chelates 
iron in a form that enables repetitive redox cycling adja- 
cent to the DNA. 
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